Background: In bacterial pathogens, both cell surface-exposed outer membrane proteins and proteins secreted into the extracellular environment play crucial roles in host-pathogen interaction and pathogenesis. Considerable efforts have been made to identify outer membrane (OM) and extracellular (EX) proteins produced by Leptospira interrogans, which may be used as novel targets for the development of infection markers and leptospirosis vaccines.
Background
Leptospirosis is a globally widespread zoonosis caused by the animal spirochete pathogen Leptospira interrogans [1] . The clinical feature of its severe disease form, known as Weil's syndrome, or acute renal failure, is associated with multiple system complications, including renal failure, meningitis, and pulmonary haemorrhage. Although early treatment for leptospirosis is important for ensuring a favorable clinical outcome, this is often difficult to achieve, as symptoms during the early stages of infection resemble those of several other systematic diseases.
One potential method for controlling the spread of leptospirosis is through the development of vaccines. Candidates for vaccine production include outer membrane (OM) and extracellular (EX) proteins, several of which have been implicated in chemotaxis, adherence and other pathogenic steps. Attempts to identify such proteins have been performed previously by experimental [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and computational methods [15] [16] [17] [18] [19] [20] . Complete genome sequences of two serovars, Lai and Copenhageni of L. interrogans have been reported [15] [16] [17] . Hundreds of putative membrane proteins and lipoproteins were predicted, although in many cases, gene annotation may be incomplete or inaccurate to reliably identify putative vaccine candidates.
Previous studies have tried to identify potential vaccine candidates using experimental methods and in silico predictions. Proteomic analysis of purified outer membrane vesicles (OMVs) of L. interrogans serovar Copenhageni was performed by Nally et al. and revealed 33 intact OM proteins [13] . The study by Gamberini et al. [18] showed 16 predicted surface exposed lipoproteins of L. interrogans serovar Copenhageni via whole genome analysis, only four of which are conserved among 8 pathogenic serovars. Since leptospiral lipoproteins are usually (but not exclusively) surface exposed proteins, and many are vaccine candidates, Setubal et al. [19] focused on lipoprotein prediction using spirochaetal lipoprotein (SpLip) program and identified 146 predicted lipoproteins (but not their localizations) for L. interrogans serovar Lai. The search for new potential vaccine candidates was continued by Yang et al. [20] , who used a filtering approach combining in silico analysis, comparative genome hybridization, and microarray methods to identify 226 leptospiral surface exposed proteins. All of the previous studies summarized above focus on identification of vaccine candidates.
However, both computational and experimental have their own drawbacks [21, 22] Computational methods, for instance, depend on the presence of type I signal peptides [23, 24] , transmembrane helices [24] [25] [26] , or other particular features specifically found in previously identified membrane proteins, which may not be highly specific or sensitive. Experimental methods, on the other hand, yield results that may be complicated by cross-compartment contamination occurring during the preparation of samples, which can also result in the inclusion of false positive results in data sets [21, 22] . Hence, results obtained from both methods can occasionally lead to conflicting conclusions. We believe that such a focused approach without attempt to accurately identify periplasmic proteins (PP) and cytoplasmic membrane (CM) proteins can lead to erroneous identification of PP and CM as OM or EX by both in silico and experimental approaches. A holistic prediction of all membrane protein localizations will lead to better accuracy in genome annotation of membrane proteins, including vaccine candidates.
In this study we utilized a combination of three computational prediction tools PSORTb [27, 28] , Proteome Analyst (PA) [29] , and ProtCompB [30] to perform whole genome analysis of protein subcellular localization, and to identify novel putative L. interrogans serovar Lai OM and EX vaccine candidates. We combined the results derived from these three prediction algorithms into a consensus vote, resulting in a more accurate protein subcellular localization prediction. Furthermore, we incorporated homology searching against the DBSubloc database [31] and structural information from the GTD prediction [32] to enhance genome annotation, and to infer OM, EX and PP localized proteins. We also developed a specific classifier based on Linear Discriminant Analysis (LDA) for identification of leptospiral cytoplasmic proteins (CP) and cytoplasmic membrane proteins (CM), using a training set obtained from the consensus vote. We were able to assign subcellular localizations to several previously uncharacterized hypothetical proteins, thus improving L interrogans genome annotation.
Results
We performed the subcellular localization prediction of L. interrogans serovar Lai using the pipeline described in the Material and methods section (shown in Figure 1 ), following the steps of training set verification, consensus vote, homology and structural prediction, and finally LDA-based classification.
Training set verification: Localization predictions of a set of experimentally verified proteins with known localization To evaluate the robustness and versatility of our protein localization procedure, we used a set of well-characterized Gram-negative bacterial proteins with experimentally verified localizations taken from the work by Gardy and Brinkman [22] as a test set. The data set comprising 299 proteins was first analyzed by using PSORTb, PA, and ProtCompB. We found that, individually, PSORTb, PA, and ProtCompB assigned 73%, 71% and 79% of the verified protein localizations respectively (recall rate in Table 1 ). The overall precision rates were 97%, 95 and 83%, respectively. As expected, the overall recall rate was highest for ProtCompB, while its precision rate was also the lowest. The recall rate based on "consensus vote" (see materials and methods) results derived from all three methods was 48% without any false positives. Relaxing the criteria by considering predicted results of any two methods or the "majority vote" resulted in an overall recall rate of 77% with a single false positive.
Since the number of outputs for EX and OM proteins agreed by all three predictions was low (low recall rate), we used structure-based homology information from GTD and/or homology search results from DBSubloc prediction as the additional information for inferring protein localization. Using this information, we assessed the likelihood of the "non-consensus vote" outputs (see material and methods) for being EX or OM proteins. When the information from DBSubloc and GTD predictions were also used, the overall recall rates for the EX, OM and PP Flow chart of the method used for subcellular localizations of Leptospira interrogans serovar Lai genome Figure 1 Flow chart of the method used for subcellular localizations of Leptospira interrogans serovar Lai genome. Protein sequences of Leptospira interrogans serovar Lai genome (4,727 ORFs) were analyzed for subcellular localization using PSORTb, ProtCompB, and Proteome analyst (PA) prediction. (a) The consensus vote was obtained from the majority vote type procedure to obtain the result with high prediction accuracy. If all 3 methods agree for localization it was assigned as a consensus vote. The remaining (1 or 2 out of 3 predicted result) was assigned as non-consensus vote. The consensus vote of CP and CM was used as a training set for the development of an LDA-based classifier for CP and CM in the next step. (b) The non-consensus vote results of OM, PP, and EX were further analyzed for sequence and structure homology by DBsubloc and GTD prediction. The non-consensus vote of EX, OM, and PP with significant homology or/and structure information were identified by DBsubloc and GTD prediction. (c) Non-consensus votes of CP, CM and the non predicted data from DBsubloc and GTD predictions were further analyzed for subcellular localization using LDA-based classifier for CP and CM. Significantly predicted results were proteins classified with more than 0.90 probability for CP and CM proteins. The remaining queries that could not be identified in this step were classified as "unknown" results. increased to 67%, 89% and 86% respectively as shown in Table 1 . The method resulted in 96% precision. This performance was much better than any of the three individual methods, or any of the above combinations. Therefore, we have shown that the combination of prediction tools, DBSubloc homology search and GTD structural-based prediction markedly improved the accuracy and recall for EX, OM and PP protein localization prediction. Therefore, our prediction pipeline is applicable for subcellular localization prediction of hypothetical, or unknown proteins.
Subcellular localization predictions of L. interrogans:
Step 1 Consensus votes After demonstration of the accuracy of our pipeline prediction with the training set, the whole predicted proteome of L. interrogans serovar Lai was analyzed using three computational predictions for protein subcellular When comparing the concordance or prediction agreement rates between the three prediction methods (excluding proteins with unknown localization by one or two programs), the rates for PSORTb and PA, PSORTb and ProtCompB, and PA and ProtCompB were 70.3%, 80%, and 59.5%, respectively. PSORTb was found to have a strong propensity to assign protein queries to CP and OM proteins, while PA was found to assign preferentially to CM, PP and EX proteins (p < 0.001, chi-square tests).
Step 2: Homology-based and protein folding recognition predictions for non-consensus vote localizations The non-consensus vote OM, EX, and PP proteins were further analyzed for localizations using DBsubloc, and GTD. As presented in Table 5 , 6, 99 more proteins (43 out of 83 proteins predicted by two previous methods and 56 out of 617 proteins predicted by one previous method) were additionally identified as putative EX, while 48 proteins (23 out of 59 proteins predicted by two methods, (Tables 3, 4 , 5, 6, 7, 8, 9 and Additional file 1). The homology search and structural information from DBSubloc and GTD thus allowed further identification of EX, OM, and PP from the non-consensus vote set, however, 3725 protein localizations remain unknown.
Step 3: Cytoplasmic (CP) and cytoplasmic membrane proteins (CM) identified by Linear Discriminant Analysis (LDA) The remaining 3725 proteins with unknown localization after step 2 were further analyzed using an LDA-based classifier we developed to identify CP and CM proteins using the set of CP and CM consensus outputs (418 CP proteins and 332 CM proteins) predicted by all of the three prediction programs (Additional file 2, 3) as a training set (see Materials and Methods). 2272 CP and 481 CM proteins were additionally identified from the 3725 "unknown set" by this approach (Additional file 4, 5). We also found that 66% (1501 out of 2272) of the LDA based predicted CP and 54% (260 out of 481) of the LDA based predicted CM are hypothetical or unknown proteins. In other words, overall 56.3 % (1516 out of 2690) of hypothetical and/or unknown proteins in the whole genome were assigned as CP and 38 % as CM or helix transmembrane proteins.
After the final step in the prediction method, we are able to confidently predict the localization of 3755 (79.4%) Leptospiral proteins. Our combination method thus has a considerably improved recall over the PSORTB and PA methods, approaching that of ProtCompB (Table 1) . To test the final prediction accuracy with estimated % agreement and % coverage of our combination method, we then performed the localization prediction of 28 experimentally verified proteins from several studies of Leptospiral outer membrane and extracellular, or cell surface proteins.
Protein subcellular localization prediction on the experimentally verified leptospiral outer membrane and extracellular proteins As shown in the Additional file 6, the three prediction programs PSORTb, PA and ProtCompB gave markedly different predictions from one another for 28 experimentally OM and EX. Each of the three prediction programs had weaknesses, either poor agreement (ProtCompB) or low coverage (PSORTb and PA). Our combination approach was much better in the respect and showed good agreement and coverage.
Discussion
Computational prediction for protein subcellular localization is a key step for genome annotation and development of drug and vaccine target. In this study, we used a combination method to putatively assign CP, CM, PP, OM, and EX proteins. We combined the results from three different algorithms namely PSORTb, PA and ProtCompB into a consensus vote to obtain higher prediction accuracy. The combination approach has previously been used to significantly reduce, or exclude false positive predic- tions for membrane topology prediction [33] , and outer membrane prediction [34] . In our case, the accuracy of consensus vote is very high, since well characterized OM and EX proteins were predicted including lactonizing lipase [35] , microbial collagenase [36] , O-sialoglycoprotein endopeptidase [37] , Rhs family protein [38] , CsgA or C factor [39] , thermolysin [40] , leucine rich repeat proteins (LRR) [41] [42] [43] , Ton-B dependent outer membrane receptor proteins, OmpA, porin, heavy metal efflux pump, TolC, and general secretory pathway protein D (Table 4) .
On the other hand, the recall, or sensitivity of consensus vote prediction is low, especially for EX and OM. The recall for consensus vote is low, because PSORTb and PA Note a: Swiss-Prot ID derived from DBsubloc database, b: PDB code derived from GTD prediction Note a: Swiss-Prot ID derived from DBsubloc database, b: PDB code derived from GTD prediction programs are known to have limitations for some proteins. PSORTb requires a training set from a limited number of experimentally-determined proteins, while PA has a disadvantage in that query proteins have to share similarity to known proteins in the Swiss-Prot database [44] . Among high-throughput computational predictions for protein subcellular localization, PSORTb has been reported as the prediction tool that achieves the highest overall accuracy, followed closely by PA [22] .
To overcome the limitations in PSORTb, PA and ProtCompB, the predictions for proteins predicted by only one or two out of the three prediction methods (the non consensus vote) were refined by homology-based search using the DBSubloc database and structural annotation in GTD. This allowed us to identify protein localizations with greater confidence. The advantage of GTD is that protein folding recognition or threading methods can determine pairs of proteins that have no obvious similarities in sequence, but have similar folds. It was previously suggested this approach should be carried out to increase prediction sensitivity for specific protein localization [22, 45, 46] . To our knowledge, this study is the first to employ GTD information to infer leptospiral protein localizations.
Structure-based information from GTD prediction revealed that the majority of the 99 EX predictions were proteins that may be secreted by the type III or the type V (autotransport) system. These proteins are shown in Table  5 , 6 with their corresponding PDB code. Many of the putative EX proteins that are annotated as leucine rich repeat (LRR) containing proteins share sequence similarity to PopC protein (Q9RBS2), which is secreted through the hrp-secretion apparatus or the type III secretion pathway of Ralstonia solanacearum [41] . Structurally related wellcharacterized extracellular LRR proteins in other species include YopM (PDB code 1jl5), a Yersinia pestis cytotoxin [43] , internalin B [47] , a virulence factor of Listeria monocytogenase (PDB code 1d0b) and polygalacturonase inhibiting protein (PDB code 1ogq), a secreted protein involved in plant defense [48] .
It is of interest to note that several L. interrogans proteins are contained within the LRR and TPR (Tetratricopeptide repeat) protein families, but predicted sub-cellular localization is not necessarily conserved among all members within each family (Table 3 , 5, 6, 7, 8, 9 and Table in additional file 4). The majority of LRR proteins were predicted to be EX localized, while TPR proteins were predicted in all compartments except PP. This finding is consistent with the multiple functions of TPR homologues from more distantly related species in different sub-cellular milieux, including signal transduction, chaperone activity, cell-cycle, transcription, and protein transport [49, 50] .
Out of 48 non-consensus vote of predicted OM, 24 were proteins annotated as outer membrane or putative outer membrane proteins, while of the remainder were proteins annotated as conserved hypothetical proteins. The structural information derived from the GTD prediction of the conserved or hypothetical proteins that were predicted as putative OM were the same as that of the annotated outer membrane proteins. As shown in Table 7 , 8, it can be observed that 24 hypothetical proteins can now be annotated as putative OM.
Although it is clear that the consensus vote combined with DB and GTD prediction can give robust prediction for EX, OM and PP, there are many proteins with either CP or CM localization remaining. Using our combination approach, we found that about 17% of genes encode putative CM proteins in L. interrogans serovar Lai genome, which is of similar proportion to the 20% -30% CM proteins in other bacterial species [25, 51] . From our subcellular location prediction we identified 63 OM and 114 EX proteins as potential vaccine candidates. On the other hand, it is possible to exclude 813 CM and 75 PP predicted proteins as vaccine candidates, on the basis of their localization. We compared our predictions with the previously published works. We found that 10 of 16 membrane proteins predicted by Gamberini et al. 2006 , including four also demonstrated to be immunogenic among 8 pathogenic serovars in that study, were also predicted by our method as membrane proteins (2 EX, 1OM, 1PP and 6 CM) [18] . We examined the localizations of the 145 putative lipoproteins reported by Setubal et al. [19] , and found 29 EX, 2 OM, 7 PP and 26 CM proteins among 125 probable lipoproteins, and 1 PP and 3 CM among 21 possible lipoproteins. The localizations of 63 putative lipoproteins could not be identified, which included proteins containing signal peptidase II recognition sites and proteins lacking sequence and/or structural homology to known membrane proteins (see Additional file 7). Spirochaetal lipoproteins are found in four subcellular compartments: the periplasmic leaflet of the cytoplasmic membrane, the periplasmic outer leaflet of the outer membrane, or beyond the outer membrane into the environment as extracellular proteins [52] . Therefore, 15 of the 145 putative lipoproteins identified as CP by our method are unlikely to be lipoproteins because of their localization. These false positive lipoproteins include UDP-glucose 6-dehydrogenase, cell-division protein, regulator of chromosome condensation RCC1 family, and 3-oxoacyl-[acyl-carrier protein] reductase. The frequency of falselyidentified lipoproteins just exceeds the reported 1% false positive rate for the SpLip program [52] . Our results can be considered as complementary to those reported by Setubal et al. [52] , and increase the accuracy of lipoprotein prediction.
We also compared our predictions with the 226 leptospiral surface exposed protein predictions (extracellular, outer membrane, periplasmic, inner (cytoplasmic) membrane by their localization definition) reported by Yang et al. [20] and found a concordance of 38.5 % (87/226) (see Additional file 8). We think the discrepancies arise from false assignments generated by the prediction algorithms used, which can be identified by comparison with proteins for which there are reliable experimental data of localization (see Additional file 6) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [53] [54] [55] [56] [57] . Our predictions have a higher coverage and agreement with the experimentally tested L. interrogans protein set than the study by Yang et al. [20] , suggesting that our prediction method may be of greater overall utility for genome annotation of membrane proteins. After manual inspection of predicted localizations, we found further examples of possible false assignments. The greatest discrepancy was found for 42 proteins were identified as CM by our method, but OM by Yang et al. Some proteins among this group have homologues in other species for which there is experimental evidence of CM location, including methyl-accepting chemotaxis protein mcpB [58] , aerotaxis sensor receptor [59] , and penicillin-binding protein [60] .
It was found that several loci without localization annotation were assigned by the combination prediction method. Therefore, we propose that the annotations with respect to subcellular localization for these loci can be tentatively revised. Among this group of proteins, we noted additional similarities to known protein families. One prominent group with the the SBBP domain (seven beta blade propeller proteins, Pfam PF06739) contain 9 hypothetical proteins: LA0283 (LIC10239), LA0423 (LIC10371), LA0426 (LIC10373), LA1567 (LIC12209), LA1568(12209), LA1569 (LIC12208), LA1691 (LIC12099), LA3276 (LIC10868), LA3834 (LIC13066). Three loci annotated as hypothetical proteins or lipoproteins, namely LA0996 (LIC12668), LA0962 (LIC12690), and LIC13296 (LA4135), were predicted as EX localized (shown in Table 5 , 6), and may belong to the Len (leptospiral endostatin-like lipoproteins) family, based on conservation of DUF1554 domain (pfam PF07588) and structural similarity to mammalian endostatin-like protein (PDB 1koe). These proteins act as adhesion proteins and bind to host extracellular matrix (ECM) [53, 57] or human factor H [56] . (Table 5, 6 and Table in the Additional file 6). Furthermore, three loci LIC11207 (LA2823), LIC10821 (LA3340) and LIC10774 (LA3394) and LIC10365 (LA0416), previously described to have similarity with the leptospiral effector protein [54] were identified as putative EX proteins in agreement with their proposed immunomodulator function.
Our combination prediction method has high agreement and coverage of experimentally verified OM and EX proteins (see Additional file 6). On the other hand, experimental localization studies are limited by insufficient sensitivity to detect low abundance proteins and cross contamination of cellular compartments during sample purification, as discussed previously by Rey et al. [21] . It is of note that several predicted PP proteins in this work e.g. FlaB1 periplasmic flagellin (LA2017/LIC11890) have previously been identified as possible PP contaminants in experimental studies of OMV proteins [13, 20] ; hence our prediction method may help in correct interpretation of future experimental verification studies, thus leading to better predictions in uncharacterized genomes. However, it should be emphasized that no automatic prediction can be accurate without experimental verification.
Conclusion
In this study, we have demonstrated that the specificity and sensitivity of protein subcellular localization prediction can be improved by incorporation of multiple predictive methods and structural information. By this approach, localizations can be assigned to previously hypothetical L. interrogans proteins. We think this approach is applicable for subcellular localization predictions in other prokaryote proteomes, with the caveat that some predictions are robust than others, i.e. CP and CM better than OM, EX or PP. [17] obtained from GenBank. Two datasets of proteins with known subcellular localization were used. One was an experimentally confirmed data set containing 278 CP and 309 CM of Gram-negative bacteria described by Gardy et al. 2003 [28] and used for validation of the LDA based classifier's performance. Another one was a 299 protein-data set containing 145 CP, 69 CM proteins, 29 PP, 38 OM and 18 EX which was the testing data previously used to evaluate various protein localization predictions in Gardy and Brinkman [22] .
Materials and Methods

Data sets
Computational Data sets mputational prediction tools for in silico protein localization Several publicly available programs were used in combination of predictions. Protein subcellular localization for Gram-negative bacteria was carried out using PSORTb [27, 28] , Proteome analysis (PA) [29] , and ProtCompB [30] . Feature based predictions for signal peptide sequence and ? helix transmembrane proteins were identified using SignalP [23] and TMHMM [24, 25] respectively.
Homology based searching and structural annotation
Homology search for subcellular localization information was carried out using BLAST search against DBSubloc, a localization specific protein database [31] . A protein folding recognition method for structural information used to predict the fold of protein sequence with distant homology to known structure was performed using homology search against GTD (the Genomic Threading Database) [32] .
Prediction strategy (as shown in Figure 1) Step 1. Consensus votes prediction We reasoned that more accurate protein subcellular localization predictions can be gained from the consensus of methods. All leptospiral protein queries were analyzed using three subcellular localization prediction tools for Gram-negative bacteria, namely PSORTb, Proteome analysis (PA), and ProtCompB for cytoplasm (CP), cytoplasmic membrane (CM), periplasmic (PP), outer membrane (OM) and extracellular proteins (EX). Note that in this version ProtCompB prediction, CM and OM are not distinguished so both proteins are predicted as membrane proteins. The consensus prediction for each sequence was calculated using a simple majority vote type procedure. If all 3 methods agree for localization, it is assigned as a "consensus vote". The remaining results (1 or 2 out of 3 predicted) were assigned as "non-consensus vote". The CP and CM proteins assigned in this step were used as a training set for the development of LDA based classifier for CP and CM in a the next step.
Step 2. Homology-based and protein folding recognition prediction Homology based and structural information can also be used to infer the potential localization site of query proteins [22, 45, 46] . Therefore, the remaining query proteins assigned as non-consensus vote results of PP, OM and EX were further analyzed for sequence and structure homology. Since subcellular localization is an evolutionarily conserved trait, if a protein query is homologous to a known protein with the same localization, the localization was assigned. The protein query sequences were compared to proteins in DBSubloc database at E-value ? 10 -3 using BLAST search. Structure annotation of these queries was also performed using GTD prediction. The query proteins sequences were assigned to structures (shown as PDB code) with the high level of probability prediction (certain and high) for these protein queries. In this study, the confidence range based on p-value of measuring the reliability of the structure annotation as certain (0 ? p < 0.01%) and high (0.01% ? p < 0.1%) were considered as a statistically significant structure annotation.
Step 3. Identification of putative CP and CM using the LDA based classifier A number of putative CP and CM identified as non-consensus vote results was further analyzed by SignalP and TMHMM. The feature attributors derived from SignalP and TMHMM predictions were then integrated and analyzed using the LDA based classifier. Proteins classified with probabilities ? 0.9 to be CP or CM proteins were taken as significant. The remaining queries that could not be identified in this step were classified as "unknown" results.
LDA based Classifier for CP and CM
We developed a specific classifier using the training set driven from the consensus vote prediction of leptospiral CP and CM proteins to increase the accuracy of prediction. In the classification-based prediction, our classifier was built on an LDA algorithm analyzing the value of multiple character vectors of SignalP-NN, SignalP-HMM and TMHMM prediction results of the set of training sequences. The accuracy of the LDA based classifier was investigated using leave-one out cross validation. We used experimentally determined or known CP and CM proteins of Gram-negative bacteria previously performed in the evaluation of PSORTb as a test dataset for validation of the LDA based classifier's performance [27] . Overall, the accuracy of LDA based classifier achieved 94.96%.
